Nerbonne. Three kinetically appear to be more numerous and more diverse than the other distinct Ca 2/ -independent depolarization-activated K / currents in types (i.e., Na / , Ca 2/ ) of currents expressed. This multipliccallosal-projecting rat visual cortical neurons. J. Neurophysiol. 78: ity and diversity has a physiological significance in that the [2309][2310][2311][2312][2313][2314][2315][2316][2317][2318][2319][2320] 1997. Whole cell, Ca 2/ -independent, depolarization-various K / currents function to control resting potentials, the activated K / currents were characterized in identified callosal-threshold for action potential generation, the rate of action projecting (CP) neurons isolated from postnatal day 7-16 rat pri-potential repolarization, and the rate of repetitive firing. In mary visual cortex. CP neurons were identified in vitro after in addition, differences in the types, densities, and/or the devivo retrograde labeling with fluorescently tagged latex mitailed properties of the K / currents expressed are expected crobeads. During brief (160-ms) depolarizing voltage steps to potentials between 050 and /60 mV, outward K / currents in these to contribute importantly to determining the regular-spiking, cells activate rapidly and inactivate to varying degrees. Three dis-fast-spiking, and intrinsically bursting firing patterns in centinct K
ties of the currents are distinct. At /30 mV, for example, mean { outwardly rectifying K / current, usually referred to as I K SD activation ts are 0.83 { 0.24 ms for I A , 1.74 { 0.49 ms for (Beck et al. 1992; Budde et al. 1992 Storm 1990) . These are broad classifications, howof 475 { 232 ms and 3,128 { 1,328 ms; Ç20% of the 4-AP-ever, and the detailed time-and voltage-dependent properties insensitive current is noninactivating. For all three components, of the various currents termed I A and I K do vary among activation is voltage dependent, increasing with increasing depolar-cells (Rudy 1988; Storm 1990 ). In addition, in some CNS ization, whereas inactivation is voltage independent. Both I A and neurons, an additional, rapidly activating, slowly inactivat-I K recover rapidly from steady state inactivation with mean { SD ing Ca 2/ -independent K / current has been identified based recovery time constants of 38 { 7 ms and 79 { 26 ms, respectively; on sensitivity to micromolar concentrations of 4-aminopyri-I D recovers an order of magnitude more slowly (588 { 274 ms).
The properties of I A , I D , and I K in CP neurons are compared with dine and, in some cases, also to the dendrotoxins (Ficker and those of similar currents described previously in other mammalian Heinemann 1992; Hammond and Crepel 1992;  McCormick central neurons and, in the accompanying paper, the roles of these 1991; Stefani et al. 1995; Surmeier et al. 1991 ; Wu and conductances in regulating the firing properties of CP neurons are Barish 1992). These currents have been referred to variably Although there have been many studies characterizing the A variety of K / currents with differing kinetic, pharmacorepolarizing K / currents in CNS neurons, few have been logical and voltage-dependent properties have been decompleted on neocortical neurons (but see Albert and Nerscribed in neurons in the mammalian CNS (for reviews, see: bonne 1995; Foehring and Surmeier 1993; Hamill et al. Rudy 1988; Storm 1990 ). In addition, in most CNS neurons, 1991; Spain et al. 1991) . This largely reflects the heterogemultiple types of K / currents have been shown to be coexneity of cortical neurons and the difficulties associated with pressed. As in other excitable cells (Barry and Nerbonne 1996; Rudy 1988), K / currents in mammalian CNS neurons reliably identifying specific cell types. In previous studies electronically by 80-90%. Because peak current amplitudes were on neocortical neurons, for example, the cells either were õ8 nA, voltage errors arising from the uncompensated series resisnot identified directly (Foehring and Surmeier 1993 ; Spain tance were always õ8 mV and were not corrected. Depolarizationet al. 1991) or were identified based on in vitro morphology activated K / currents were evoked routinely during voltage steps (Hamill et al. 1991) , which, as we have shown previously, to potentials between 050 and /60 mV from a holding potential is not a reliable method for identifying cortical neurons (Gif-(HP) of 070 mV. Other voltage-clamp protocols are described in fin et al. 1991) . To circumvent these difficulties, we have the text. Data were sampled at various rates (1-70 kHz) depending exploited in vivo retrograde labeling to permit the in vitro on the particular experimental paradigm, and current signals were identification of cortical neurons (Giffin et al. 1991 ; Katz filtered at 5 kHz before digitization and storage. and Iarovici 1990; Katz et al. 1984; Solomon et al. 1993 ).
In the experiments described here, we have characterized Solutions the detailed time-and voltage-dependent properties of the Alamone Laboratories, Israel. Drugs were applied using a perfusion pipette, which consisted of four pieces of PE10 tubing encased in a small glass tube. During superfusion, the pipette was placed
within 200 mm of the cell, and the bath volume was kept constant using a small glass tube, attached to a large reservoir, that con-
Isolation and identification of callosal-projecting neurons
trolled the solution level by capillary action. Whole cell voltage-clamp recordings were obtained from identified CP visual cortical neurons isolated from postnatal day 7-Data analyses 16 (P7-P16) Long Evans rat pups. Methods for identifying and Data were compiled and analyzed using Clampfit (Axon Instruisolating CP neurons have been previously described (Giffin et al. ments) , Excel (Microsoft), CSS Statistica (Stat Soft), and Nfit 1991; Solomon et al. 1993) . Briefly, CP neurons were labeled in (Island Products). All data are means { SD. The plateau current vivo by pressure injection of fluorescein tagged latex beads (Katz was defined as the current remaining 150 ms after the onset of and Iarovici 1990) into the right visual cortex on postnatal day 4, voltage steps, and the peak current was defined as the maximum 5, or 6. On postnatal day 7-16, animals were anesthetized with value the current attained during the 160-ms pulse. For each cell, 5% halothane, and the left visual cortex was removed. Cells were the spatial control of membrane voltage was assessed by directly dissociated, plated on a glial monolayer (Raff et al. 1979) , and analyzing the decay of the capacitative currents. Only cells with maintained in a 95% O 2 -5% CO 2 37ЊC incubator. CP neurons were capacitative transients well described by single exponential funcidentified in vitro before electrophysiological recordings under epitions were analyzed further. Leak currents were always õ100 pA fluorescence illumination by the presence of fluorescently labeled at 070 mV and were not corrected. The mean { SD input resistance beads in the cell soma.
of analyzed CP cells was 1.7 { 1.1 GV (n Å 70), and the mean { SD whole cell membrane capacitance of these cells was 14. tagged latex beads (Katz and Iarovici 1990) into the right mm of the tips) were coated with silicone elastomer (Sylgard; Dow visual cortex on postnatal day 4, 5, or 6. After isolation at Corning). Pipette resistances were 1.2-2.5 MV after fire polishing. postnatal day 7-16, CP neurons were identified in vitro Series resistances, estimated from the decays of the uncompensated capacitative transients, were 2.5-5 MV and were compensated under epifluorescence illumination before electrophysiologi-
cal recordings. With voltage-gated Ca 2/ and Na / currents by small and large depolarizations (Fig. 1) , suggested that the total Ca 2/ -independent, depolarization-activated K / curblocked, whole cell, depolarization-activated outward currents were recorded routinely from isolated, identified P7-rents recorded in CP visual cortical neurons reflected the simultaneous activation of two (or more) K / channel types P16 CP neurons (n Å 70) during 160-ms voltage steps to potentials between 050 and /60 mV from an HP of 070 and that these are distributed differentially among CP cells.
In some cells, rapidly activating, rapidly inactivating curmV (Fig. 1) . The absolute rates of rise and the amplitudes of the currents increase with increasing depolarization; the rents (termed I A ) have been isolated by taking advantage of the sensitivity of I A to holding potential. Preliminary experilargest and most rapidly activating current in each panel in Fig. 1 was evoked at /60 mV. No depolarization-activated ments on CP cells, however, revealed that neither the amplitudes nor the waveforms of the currents are affected by currents were evoked when the K / in the recording pipette was replaced by Cs / (n Å 4). The currents recorded and changes in HP between 090 and 070 mV. The waveforms of the outward currents evoked from HPs of 030 and 070 analyzed here, therefore, are interpreted as reflecting only the activation of Ca 2/ -independent, depolarization-activated mV are also not significantly different, although the amplitudes of the currents recorded from an HP of 030 mV are K / channels. Interestingly, the waveforms of the currents evoked by small depolarizations inactivate more rapidly and reduced substantially (not shown). Similar results were obtained in experiments conducted on 34 cells, suggesting eito a larger extent than the currents evoked by large depolarizations. In addition, although the currents in all cells activate ther that CP neurons do not express multiple types of K / rapidly, the relative amplitudes of the peak and plateau cur-channels or that the voltage dependences of the different K / rents vary markedly among cells (Fig. 1 ). For the cell in channels in these cells are not significantly different. To Fig. 1A , for example, the amplitude of the peak current is distinguish between these possibilities, subsequent experinearly twice that of the plateau current; the peak-to-plateau ments focused on examining the pharmacological sensitivicurrent ratios are Ç1.5 and 1 for the cells in Fig. 1 , B ties of the K / currents in CP neurons to the K / channel and C, respectively. Similar variability was observed among blocker 4-AP primarily because different types of K / curcells isolated from animals at postnatal ages (P7-P12), rents in other cells have been shown to display differential as well as in cells maintained for various times in vitro sensitivities to 4-AP (Rudy 1988; Storm 1990) . (3-30 h).
In these experiments, the effects of varying concentrations (50 mM to 10 mM) of 4-AP on the K / currents in CP Separation of K / current components neurons were examined. Control K / currents were recorded The variability in peak-to-plateau current ratios, as well before superfusion of 4-AP-containing bath solutions, and as the differences in the waveforms of the currents evoked when the effect of 4-AP had reached a steady state, outward currents were recorded again. To obtain the current(s) blocked by different concentrations of 4-AP, records obtained in the presence of (each concentration of) 4-AP were subtracted digitally from the controls (recorded in the absence of 4-AP). Typical examples of the subtracted current waveforms blocked by different concentrations of 4-AP are shown in Fig. 2 . As is evident, the current blocked by 50 mM 4-AP ( Fig. 2A1 ) activates rapidly and decays only slightly during the course of 160-ms voltage steps. Increasing the concentration of 4-AP resulted in marked changes in the waveforms of the subtracted current records ( Fig. 2A , 2-4). Specifically, the amplitudes of the currents at early times after the onset of depolarizing voltage steps in these subtracted records are increased (relative to the 50-mM subtracted records) as a function of the concentration of 4-AP ( Fig. 2A ). In contrast, there appears to be little or no change in the amplitudes of the plateau currents in the subtracted records as a function of 4-AP concentration ( Fig. 2A) . To quantify the effects of varying concentrations of 4-AP, peak and plateau current amplitudes were measured at 3 and 150 ms, respectively, and the percent suppression of the peak and plateau currents (relative to the control peak and plateau current amplitudes in the same cell) was calculated. The percent suppression of the peak and plateau currents were determined in many cells, and mean normalized data are presented in Fig. 2B . As is evident, concentrations of 4-AP ú50 mM block increasing amounts of the peak, but not of Increasing concentrations of 4-aminopyridine (4-AP) block increasing amounts of the peak, but not of the plateau, current. Currents were recorded in control bath solution and in the presence of varying concentrations of 4-AP. Current records displayed in A were obtained by digital subtraction of the current waveforms recorded in 4-AP from the control records in the same cell. Peak and plateau current amplitudes in individual cells were measured at 3 and 150 ms, respectively, after the onset of depolarizing voltages to /30 mV, and the percentages of the peak and plateau currents blocked by 4-AP were determined. A: representative waveforms of the currents blocked by 50 mM (1), 100 mM (2), 500 mM (3), and 5 mM 4-AP (4). Note that the records in 1 and 4 are from the same cell; the records in 2 and 3 are from 2 other cells. B: mean { SD percentages of the peak and plateau currents blocked by increasing concentrations of 4-AP. n values refer to the number of cells studied.
( Fig. 3C) were subtracted from those recorded in 50 mM tively similar to those of currents referred to by these names in other cells (see DISCUSSION ). 4-AP (Fig. 3B) . Comparison of the waveforms of these currents (Fig. 3E ) and the 50-mM 4-AP-sensitive currents
To test the validity of the separation of the currents (I A , I D , and I K ) based on differential sensitivities to 4-AP de- (Fig. 3D ) reveals that, although both currents activate rapidly, the decay phases of the currents are markedly different. scribed above (Fig. 3) , several types of experiments were performed to determine if these current components could The 50-mM-sensitive currents (Fig. 3D ) inactivate slowly and resemble currents referred to as I D , or slow transient be isolated by other methods. The current blocked by high (¢100 mM) concentrations of 4-AP, which we refer to as I A , currents, in other preparations (Ficker and Heinemann 1992; Storm 1988; Wu and Barish 1992) . The currents blocked inactivates rapidly on membrane depolarization (Fig. 3 E) , whereas the current component that is blocked completely by 5 mM (but not by 50 mM) 4-AP, in contrast, inactivate rapidly ( Fig. 3E ) and are similar to I A currents in other cells by 50 mM 4-AP, I D (Fig. 3D) , and the 4-AP-insensitive current, I K , inactivate slowly. This finding suggested that it (for reviews, see Rudy 1988; Storm 1990). The currents remaining in the presence of 5 mM 4-AP (Fig. 3C ) are should be possible to isolate I A based on its inactivation kinetics. To explore this possibility, outward K / currents kinetically distinct from both of the 4-AP-sensitive currents (Fig. 3, D and E) . Specifically, the 5-mM 4-AP-insensitive were recorded during depolarizing voltage steps presented directly from the holding potential of 070 mV (Fig. 4A ) currents activate slowly and do not inactivate during 160-ms depolarizations at all test potentials, much like de-and after a 50-ms conditioning prepulse to 0 mV (Fig. 4 B) .
Subtraction of the currents recorded with and without the layed rectifier, or I K , currents described in other cell types (for reviews, see Rudy 1988; Storm 1990) . Taken together, prepulse revealed rapidly activating and inactivating current waveforms (Fig. 4C) indistinguishable from those obtained these data suggest the presence of at least three Ca 2/ -independent K / currents in isolated, identified P7-P16 CP neu-on subtraction (Fig. 3E ) of currents recorded in the presence of 5 mM (Fig. 3C ) from those in 50 mM (Fig. 3B ) 4-AP, rons. We refer to these currents as I A , I D , and I K primarily because the properties of the currents in CP cells are qualita-i.e., I A . Similar results were obtained on eight cells. These
Separation of 2 distinct 4-AP-sensitive current components from the total Ca 2/ -independent, outward currents. After control currents (A) were recorded, the cell was 1st exposed to 50 mM and then to 5 mM 4-AP. Currents recorded in the presence of 50 mM and 5 mM 4-AP are displayed in B and C, respectively. Currents blocked by 50 mM 4-AP (D) were obtained by subtraction of records in B from those in A. The 5 mM, but not 50 mM, 4-AP-sensitive currents (E) were obtained by subtraction of records in C from those in B. Note that the currents blocked by low concentrations of 4-AP inactivate much more slowly than the currents sensitive only to the high concentration of 4-AP. Similar results were obtained on 13 cells. results suggest that I A waveforms isolated using 4-AP-sensiIn several other mammalian neurons, the currents distive currents reflect the activation of a unique current and playing sensitivity to low concentrations (micromolar) of not voltage-dependent effects of 4-AP (Thompson 1982) .
4-AP also are blocked selectively by nanomolar concentrations of the mamba snake toxins, the DTXs (Penner et al. 1986; Stansfeld et al. 1986; Surmeier et al. 1991) . To determine the effects of DTX on CP neurons, outward K / currents were recorded before and after bath application of a-DTX. Although no attempts were made to examine doseresponse curves, similar effects were observed at all concentrations of a-DTX (20-100 nM) examined (n Å 10). A typical example of the effect of a-DTX on K / currents in CP neurons is illustrated in Fig. 5 . The a-DTX-sensitive currents (Fig. 5C ), obtained by subtraction of current recorded in the presence of a-DTX (Fig. 5B ) from the controls (Fig. 5A) , appear indistinguishable from the 50-mM 4-APsensitive currents (Fig. 3D) . Similar to the findings with 50 mM 4-AP, a-DTX blocks a similar percent of the peak (18 { 9%) and the plateau (17 { 8%) currents. Thus the pharmacological properties of the current in CP neurons we refer to as I D are similar to those of rapidly activating, slowly inactivating currents described in other cells (Penner et al. 1986; Stansfeld et al. 1986; Surmeier et al. 1991) .
As illustrated in Fig. 3C , the currents (I K ) remaining in the presence of 5 mM 4-AP are kinetically distinct from the 4-AP-sensitive currents, I D (Fig. 3D ) and I A (Fig. 3E) . Because I K in other preparations is blocked selectively by millimolar concentrations of TEA (for recent reviews, see Rudy 1988; Storm 1990), the effects of TEA on the Ca 2/ -independent, depolarization-activated K / currents in CP neurons also were examined (Fig. 6) . The TEA-sensitive currents (Fig. 6C) , obtained by subtraction of records in the presence of 30 mM TEA (Fig. 6B) from controls (Fig. 6A) , activate slowly and undergo little or no inactivation during FIG . 4 . I A also can be isolated using a conditioning prepulse protocol.
Currents were recorded during 160-ms voltage steps to potentials of 0, /20, 160-ms voltage steps; the waveforms of the TEA-sensitive /40, and /60 mV either directly from a holding potential of 070 mV (A) currents, therefore, appear indistinguishable from the curor after a 50-ms prepulse to 0 mV (B); the protocol is illustrated below rents remaining in 5 mM 4-AP (Fig. 3C) . Similar results the records. Current inactivated by the 50-ms prepulse to 0 mV (C) was were obtained in experiments completed on seven other I D , and I K likely underlies the differences (Fig. 1) in the waveforms of the total Ca 2/ -independent outward currents observed among CP neurons (see DISCUSSION ).
Kinetic analyses of I A , I D , and I K
Time constants (ts) of activation for I A , I D , and I K were determined from single exponential fits to the rising phases of the separated current components. For these analyses, I A and I D were obtained using the subtraction procedures described above and illustrated in Fig. 3, D and E; the current remaining in 5 mM 4-AP (Fig. 3C ) was analyzed as I K . For all three components, the rising phases of the currents at each test potential were well described by single exponentials (Fig. 7B) . Mean activation time constants for I A , I D , and I K are plotted as a function of test potential in Fig. 7A . As is evident, I A and I D activate rapidly, although at all test potentials, I A activates approximately twofold faster than I D . At /30 mV, for example, mean activation ts are 0.83 { 0.24 ms (n Å 14) and 1.74 { 0.49 ms (n Å 18) for I A and I D , respectively. The observed differences between I A and I D , activation ts are statistically significant at all test potentials (P õ 0.002 at /60 mV; P õ 0.001 at all other voltages). Analyses of the rising phases of I A isolated using the conditioning prepulse protocol (Fig. 4C ) and of I D isolated using a-DTX (Fig. 5C) (n Å 9) using the conditioning prepulse protocol and 0.55 { blocked by a-dendrotoxin (a-DTX). Currents were recorded before (A) and after superfusion of 100 nM a-DTX (B). DTX-sensitive currents (C), 0.16 ms (n Å 14) for the currents separated using 4-AP. obtained by subtraction of the records in B from those in A, activate rapidly Activation ts of the a-DTX-sensitive currents (Fig. 5C ) and inactivate slowly, and are similar, therefore, to the currents blocked by and the 50-mM 4-AP-sensitive currents (Fig. 3D ) are also 50 mM 4-AP (Fig. 3D) . Similar results were obtained on 10 other cells.
smaller amplitudes) were obtained in 15 other cells using lower concentrations (3-10 mM) of TEA. Taken together, these experiments have provided independent means of isolating I A (voltage-clamp protocol), I D (DTX sensitivity), and I K (TEA sensitivity), and, in each case, the properties of the currents appear indistinguishable from those separated using 4-AP (see below and DISCUSSION ). For all subsequent analyses, therefore, the properties of the currents (I A , I D , and I K ) separated using 4-AP were examined. In several cases, the properties of the currents separated using these alternative methods also were analyzed. It is of interest to note that although I A , I D , and I K were identified readily in all CP cells studied (n Å 40), the absolute amplitudes of the individual current components were found to vary markedly among cells. Normalizing current amplitudes for differences in cell sizes revealed similar variability in current densities among cells. I A density, for example, varied between 94 and 489 pA/pF, and the mean I A density was 215 { 83 pA/pF (n Å 40). Similar variations in I K densities were observed; I K density varied over the range of 65 to 465 pA/pF with a mean of 173 { 94 pA/pF (n Å 40). In all cells, the density of I D was substantially less than the density of either I A or I K ; I D density ranged from 11 to 127 pA/pF with a mean of 54 { 31 pA/pF. On average, therefore, the densities of both I A and I K are not significantly different. At /60 mV, for example, the tion. The variations in t with respect to voltage are well described by single exponential functions of the form 50-mM 4-AP-and 10-100 nM a-DTX-sensitive currents activate with time constants of 0.93 { 0.33 ms (n Å 18)
and 1.29 { 0.46 ms (n Å 11), respectively, consistent with the suggestion that a-DTX and 50 mM 4-AP both block I D where V m is the test potential and c is a constant that defines in CP neurons.
the steepness of the voltage dependence. The best fits (con-I K activates Ç10-fold more slowly than I A or I D at all test tinuous lines, Fig. 7A ) to the experimental data yielded c Å potentials; the mean activation time constant for I K at /30 32.1 (a Å 0.38, b Å 1.1) for I A ; c Å 38.4 (a Å 0.2, b Å mV is 14.7 { 4.0 ms (n Å 19). Activation ts of the TEA-3.4) for I D , and c Å 34.8 (a Å 3.7, b Å 25.5) for I K . sensitive currents (n Å 8) also were determined from single Comparison of the values for c indicates that the activation exponential fits to the rising phases of subtracted current rates of all three currents vary similarly as a function of waveforms such as those in Fig. 6C . These analyses revealed voltage. that the time constants of activation of the TEA-sensitive Time constants of inactivation for I A , I D , and I K were currents and the currents remaining in the presence of 5 mM determined from exponential fits to the decay phases of cur-4-AP are indistinguishable. The activation time constants rent recorded during 12-s voltage steps to 0, 10, 20, and 30 of the 4-AP-insensitive currents (Fig. 3C ) and the TEA-mV in control bath solution and in the presence of 8 mM sensitive currents (Fig. 6C) at /60 mV, for example, are 4-AP (to block I A and I D ). The decay phases of the currents 8.2 { 2.2 ms (n Å 19) and 6.9 { 2.8 ms (n Å 8), respec-blocked by 8 mM 4-AP were well described by the sum of tively. For all three currents, activation time constants are two exponentials (Fig. 7D) with mean time constants of 19 { 7 ms and 569 { 143 ms (n Å 7). Neither time constant voltage dependent, decreasing with increasing depolariza-varied as a function of voltage (Fig. 7C) . The faster time those in Fig. 3 . I A and I D amplitudes were measured at the peak of subtracted current records such as those in Fig. 3 , constant is assumed to reflect the inactivation of I A and the slower time constant the inactivation of I D . To test this hy-E (I A ) and D (I D ), and I K amplitudes were measured at the plateau (150 ms) of the current remaining in 5 mM 4-AP pothesis, inactivation time constants for I A were determined from single exponential fits to the decay phases of currents (Fig. 3C) . I A , I D , and I K conductances at each test potential were calculated in each cell using the experimentally detersuch as those in Figs. 3E and 4C . Inactivation of I A at all test potentials was well described by a single exponential; mined reversal potentials and subsequently normalized to their respective conductance values at /60 mV (measured in mean inactivation time constants for I A separated using 4-AP (Fig. 3E ) and the conditioning prepulse (Fig. 4C) the same cell) . Data for each cell were fitted to a Boltzmann relation of the form were found to equal 19 { 5 ms (n Å 14) and 17 { 7 ms (n Å 9), respectively. These values are not significantly
different from the fast time constant obtained from the dou-where G is the conductance at each potential, V; G max is the ble-exponential fits to the 8 mM 4-AP-sensitive currents maximal conductance; V 1/2 is the voltage of half-maximal acti-(19 { 7 ms); this is consistent with the suggestion (above) vation; and k is the slope factor. The V 1/2 and k values from that the fast component of the 8 mM 4-AP-sensitive currents individual cells then were averaged. Mean normalized conducreflects inactivation of I A .
tances for I A (n Å 14), I D (n Å 18), and I K (n Å 29) are The decay phases of the 4-AP-insensitive currents (I K ) were plotted as a function of test potential in Fig. 8A ; the solid lines well described in all cells and at all test potentials by the sum reflect the best Boltzmann fits to the averaged data. Mean of two exponentials (Fig. 7D) with mean time constants of V 1/2 (and k) values for I A , I D , and I K are 6 { 6 mV (k Å 475 { 232 and 3,128 { 1,328 ms (n Å 7; Fig. 7C ). In addition, 16 { 1 mV), 12 { 8 mV (k Å 11 { 1 mV), and 12 { 5 mV Ç20% of the current remaining in 8 mM 4-AP is noninactivat-(k Å 14 { 2 mV), respectively. The activation threshold of I A ing. Similar to the inactivation time constants for I A and I D , (approximately 050 mV) is slightly more hyperpolarized than neither component of inactivation of the 8 mM 4-AP-insensi-that of either I D or I K ; both I D and I K begin to activate around tive current varied substantially with voltage (Fig. 7C) . The 040 mV. In addition, although all three currents activate over relative amplitudes of the fast and slow components of I K inacti-similar voltage ranges, the V 1/2 of I A (6 { 6 mV) is significantly vation, however, did vary appreciably among cells, ranging more hyperpolarized than the V 1/2 values of either I D (12 { 8 from É1 to É4. The finding of multiple components of inacti-mV; P õ 0.05) or I K (12 { 4 mV; P õ 0.002). / current amplitudes recorded during the /30-mV steps were meacomponents. For these analyses, I A and I D were obtained sured at the peak of subtracted records for I A (n Å 9) and using the subtraction procedures illustrated in Fig. 3 , and I D (n Å 5) and at the plateau (150 ms) of the current rethe plateau current remaining in the presence of 5 mM maining in 5 mM 4-AP for I K (n Å 5). I A , I D , and I K 4-AP was analyzed as I K . From a holding potential of 070 conductances then were calculated for each conditioning pomV, cells were depolarized to /30 mV for 6 ms (for I A and tential and normalized to their respective conductance values I D ) or 150 ms (for I K ) to activate the outward currents and after the conditioning step to 090 mV. Mean normalized I A , subsequently repolarized to potentials between 030 and I D , and I K conductances are plotted with respect to condition-0120 mV. Tail current amplitudes at each potential were ing potential in Fig. 8B ; the continuous lines represent the measured 1.5 ms after the onset of the hyperpolarizing volt-best Boltzmann fits to the averaged data. Mean V 1/2 (and k) age steps and plotted as a function of voltage. Reversal values for I A , I D , and I K are 038 { 3 mV (k Å 08 { 2 potentials were obtained by linear interpolation. Mean re-mV), 021 { 4 mV (k Å 09 { 3 mV), and 026 { 2 mV versal potentials for I A , I D , and I K in 3 mM [K / ] o were (k Å 013 { 4 mV), respectively. All three currents are 073 { 4 mV (n Å 4), 082 { 6 mV (n Å 7), and 068 { sensitive to steady state inactivation over similar voltage 4 mV (n Å 7), respectively. The calculated equilibrium ranges, although the V 1/2 of I A (038 { 3 mV) is significantly potential (E K ) for K / under the recording conditions em-(P õ 0.005) more hyperpolarized than the V 1/2 values of ployed here is 090 mV, suggesting that the channels under-either I D or I K . In addition, these experiments revealed that lying I A , I D , and I K are K / selective. Because the experimen-Ç20% of the plateau current (I K ) does not inactivate. The tally determined reversal potentials, particularly for I A and finding that steady state inactivation of the remaining I K , are positive to E K , however, the underlying channels also 4-AP-insensitive current (i.e., the inactivating current) is may have finite permeabilities for other ions.
well described by a single Boltzmann, suggests that the two inactivation time constants (475 and 3,128 ms; Fig. 8C Fig. 3 , C-E, using the experimentally determined reversal potentials. Conductances at each test potential were normalized to their respective conductance values at /60 mV (in the same cell). Mean normalized conductances are plotted as a function of test potential and the Boltzmann fits to the averaged data are shown ( ). B: to examine the voltage dependences of steady state inactivation, I A , I D , and I K amplitudes, evoked at /30 mV after 15-to 20-s conditioning prepulses to potentials between 090 and /20 mV were measured; inset: protocol is illustrated. Using the experimentally determined reversal potentials, conductances then were calculated and normalized to their respective conductance values after the 090 mV conditioning prepulse. Mean normalized I A (n Å 9), I D (n Å 5), and I K (n Å 5) conductances are plotted as a function of conditioning potential, and the Boltzmann fits to the averaged data are shown ( ).
ized to 0 mV for 12 s to inactivate the currents (longer depolarizations did not lead to further inactivation), subsequently hyperpolarized to 070 mV for varying times ranging FIG . 9. Rates of recovery of I A , I D , and I K are distinct. After inactivating from 0 to 5,000 ms to allow recovery, and, finally, stepped the currents by a 12-s prepulse to 0 mV, the cell was hyperpolarized to 070 mV for times ranging from 0 to 5,000 ms before a test depolarization to /30 mV for 160 ms to activate the currents; the protocol to /30 mV. Typical current waveforms recorded during the /30 mV depois displayed below the current records in Fig. 9A . Peak (3 larization after variable (0-5,000 ms) recovery periods are displayed in A; ms) and plateau (150 ms) control current amplitudes after protocol is beneath the records. Note that the current recorded after a 10 each recovery time were measured, normalized to their re-ms recovery time at 070 mV (l) activates and inactivates rapidly (see spective current amplitudes after the 5-s recovery, and plot-text). B: amplitudes of the peak and plateau currents evoked at /30 mV after each recovery period were measured, normalized to their respective ted as a function of recovery time (Fig. 9B) . The normalized (peak and plateau; ) amplitudes after a 5,000-ms recovery period and recovery data for both the peak and plateau currents were plotted as a function of time. Recovery of the peak and plateau currents well fitted by the sum of two exponentials (Fig. 9 B, solid was best described by the sum of 2 exponentials ( ). Inset: initial phase lines). For this cell, recovery taus for the peak current were of recovery of both the peak and the plateau currents is shown on an examined. The mean recovery time constant for I D was found I D , and I K vary in different cell types (see below for further discussion) and that these names were selected to emphasize to equal 588 { 274 ms (n Å 8), a value not significantly different (ANOVA) from the slower component of recovery qualitative similarities. Although I A , I D , and I K were identified readily in all CP cells studied (n Å 40), the absolute of the peak (670 { 202 ms) and plateau (734 { 203 ms) components of the control currents. These results confirm amplitudes and densities of the individual current components varied markedly among cells. Mean I A , I K , and I D the hypothesis (above) that the slow time constants of recovery of the peak and plateau currents reflect recovery of the densities determined in the experiments here were 215 { 83, 173 { 94, and 54 { 31 pA/pF, respectively. On average, same population of (I D ) channels. Because only I D and I K contribute to the plateau currents, the fast component of therefore, the densities of both I A and I K are approximately four times the density of I D . In addition, the relative I A :I D :I K recovery of the plateau current (mean tau of 79 { 26 ms) must reflect recovery of I K . The fast time constant for recov-density varies among cells; this variability underlies the observed differences in the waveforms of the total Ca 2/ -indeery of the peak (38 { 7 ms), therefore, reflects I A recovery. The waveforms of the currents recorded after brief recovery pendent outward currents among CP neurons (Fig. 1) . It is important to note that, because the experiments here were times are consistent with this assertion. As illustrated in Fig. 9A , the current recorded after 10 ms recovery (arrow) performed on postnatal (day 7-16) CP neurons, it is certainly possible that the densities (and/or the detailed properactivates and inactivates rapidly and is indistinguishable from I A isolated using 4-AP or the conditioning prepulse ties) of I A , I D , and I K in adult CP cells are different. Further experiments will be necessary to explore this possibility diprotocol (see Figs. 3E and 4C) . Similar results were obtained in experiments completed on six other cells. The mean rectly.
Functionally, I A and I D underlie the peak outward currents activation and inactivation time constants for the currents recorded (at /30 mV) after 10-ms recovery at 070 mV in CP cells (Fig. 1) ; because activation is slow, I K does not contribute appreciably to the peak. I K , however, together were determined to be 0.76 { 0.20 ms and 21.6 { 12 ms, respectively. For comparison, the activation and inactivation with I D , determines the plateau current amplitudes in CP cells (Fig. 1) ; I A inactivates rapidly and, therefore, does not time constants (at /30 mV) for I A isolated using 4-AP were 0.83 { 0.24 ms and 19.2 { 3.8 ms, respectively. These also contribute to the plateau currents. It is important to note that, because the goal of the experiments here was to define values are not significantly different; this is consistent with the interpretation that the fast component of recovery of the the detailed time-and voltage-dependent properties of the K / currents expressed in CP neurons, recordings were obpeak current reflects I A .
tained only from neurons without extensive processes (to maintain adequate spatial control of the membrane voltage),
